We performed a theoretical study of the photodissociation dynamics of CH 3 Br in the Ã band using a wave packet propagation technique on coupled ab initio potential energy curves. The present model involves the 3 Q 1 and 1 Q 1 excited states which can be populated from the ground state by a perpendicular transition and which are correlated at large methyl-bromide distance to the ground bromide spin-orbit state, as well as the 3 Q 0 and 4E states which can be excited by a parallel and perpendicular transition ͑respectively͒ and both correlate to excited Br ‫ء‬ spin-orbit state. The model provides absorption cross sections and branching ratios in excellent agreement with experimental results. Due to weak spin-orbit interaction, the 1 Q 1 state is the dominant contributor to the absorption cross section, except for the red wing of the band where 3 Q 0 and 3 Q 1 states have significant absorption. However, spin-orbit coupling is strong enough to induce nonadiabatic transitions between the 3 Q 1 and 1 Q 1 states during the dissociation process which should be experimentally detectable in the alignment properties of the fragments. Nonadiabatic transitions at the conical intersection between 3 Q 0 and 1 Q 1 are shown to play a minor role in this system.
I. INTRODUCTION
Photodissociation of methyl halides species in ultraviolet bands has received considerable interest over the last decades due to its potential impact on ozone layer depletion. In this respect, methyl chlorine and methyl bromide are the most important species and have roughly similar global impact on ozone layer. They represent together about a quarter of the ozone depleting halogenated gases in terms of equivalent chlorine ͑bromide is less abundant than chlorine in the stratosphere but 50-60 times more efficient in depleting ozone͒ and are thus of prime importance in this matter.
1,2
As concerns fundamental UV photodissociation experimental and theoretical studies, methyl iodine is by far the most extensively studied system in the methyl halide series ͑references are given in Refs. 3 and 4͒. By contrast, there is a limited number of experimental studies [5] [6] [7] [8] [9] [10] [11] [12] and a single ab initio calculation on the present system, 13 in addition to the basic qualitative ideas given by Mulliken 14 and common to all methyl halides. One aim of the present paper is to contribute to the understanding of the CH 3 Br photodissociation experimental results using ab initio calculations in conjunction with wave packet dynamical simulations. Table I gives the symmetries of the states involved in the valence band. When spin-orbit interaction is not included, these states can be classified by the irreducible representation of the C 3v group to which their spatial part belongs ͑A 1 / A 2 / E͒ and the singlet/triplet symmetry of their spin part.
The projection of the orbital angular momentum is an approximate quantum number which can be used to assign a ⌺ / ⌸ character to these states. When spin-orbit interaction is included, the C 3v label refers to the spin-orbital symmetry. The projection of the total angular momentum ͑orbital + spin͒ ⍀ =0,1,2 can also be used to label approximately these states. Since it is customary to use Mulliken's notations ͑see Table I͒ , we will use the following conventions throughout the paper. Valence states without spin-orbit interaction are labeled 1 A 1 ͑ground state͒, 1 E, 3 E, and 3 A 1 . When spin orbit is included, spin-orbital states are labeled with Mullikens's notation ͑ 3 Q 0 , 3 Q 1 , and 1 Q 1 as defined in Table I͒ with the addition of A 1 ͑X ͒ for the ground state and 4E and 2A 2 for states arising from the 3 A 1 one. In its ground state, the outer valence molecular orbital configuration of methyl bromide is . . .a 1 2 e 4 using C 3v notations ͑ 2 4 in C ϱv notation͒. Excitation of one of the electrons of the lone pair orbitals e with dominant Br character to the antibonding orbital e → a 1 ‫ء‬ gives rise to the 3 E and 1 E molecular states which are repulsive with respect to the methyl-bromide bond and which are responsible for the broad unstructured Ã absorption band. Excitation of one bonding pair electron a 1 to an antibonding orbital a 1 ‫ء‬ requires more energy and leads to the 3 A 1 repulsive state. Taking into account spin-orbit interaction lowers the degree of degeneracy and provides spin-orbital states. Among them, the 3 Q 1 and 1 Q 1 states can be accessed from the ground one with an electric dipole perpendicular transition and are asymptotically correlated with the fragments CH 3 + Br with bromide in its ground spin-orbit state Br͑ 2 P 3/2 ͒. The 3 Q 0 state can be accessed with a parallel transition and is correlated with CH 3 +Br ‫ء‬ , Br ‫ء‬ being the spin-orbit excited state Br͑ 2 P 1/2 ͒, 0.46 eV above the ground one. 15 The 1 Q 1 ͑E symmetry͒ potential energy curve crosses the 3 Q 0 one ͑A 1 symmetry͒ but these two states are coupled for bent geometries so that the crossing for C 3v geometry is a conical intersection. One of the aims of many of the experimental studies [7] [8] [9] [10] [11] [12] was to elucidate the role of this conical intersection in the dissociation dynamics.
The Ã absorption band is in the 170-270 nm spectral region and has a maximum near 200 nm. 6 Whereas absorption to 3 Q 0 dominates in the CH 3 I case due to strong spinorbit coupling, 3 absorption to the three 3 Q 1 , 1 Q 1 , and 3 Q 0 states can be significant in the present system. [7] [8] [9] [10] [11] [12] As a result, whereas the Br ‫ء‬ angular distribution displays, as in the case of I ‫ء‬ , anisotropy with a predominant parallel character, Br angular distribution anisotropy has a strong perpendicular character, in contrast with the I case where it is dominantly parallel. This suggests that Br should be mainly produced by a direct mechanism, excitation of the 3 Q 1 and 1 Q 1 states, and dissociation without electronic transition, rather than with an indirect formation mechanism ͑dominant for CH 3 I͒, excitation of the 3 Q 0 state followed by electronic transitions to the 3 Q 1 and 1 Q 1 states. This implies that a model of the dissociation involving frozen C 3v geometry, for which there are no couplings between the 3 Q 0 state and the 3 Q 1 or 1 Q 1 one, should be reasonably accurate.
The purpose of the present paper is therefore to provide an ab initio model for the photodissociation of CH 3 Br in frozen C 3v geometry. We perform multireference configuration interaction calculations including spin-orbit interactions using the MOLPRO package 16 to generate potential energy curves, couplings, and transition moments for valence states. These ab initio data are used to compute photodissociation cross sections, product state distributions, and anisotropy parameters with a wave packet propagation method. The computational methods used here are described in Sec. II, ab initio data and dynamical results in Sec. III. We discuss the relation of the present results with available experimental observations in Sec. IV.
II. COMPUTATIONAL METHOD
The calculations have been performed for a fixed geometry of the methyl fragment corresponding to the ground state equilibrium configuration, namely, an umbrella angle between two adjacent CH bonds ␣ = 111.5°and a CH bond distance r͑CH͒ = 1.06 Å. 17 By analogy with the methyliodide case, 4 3 Q 1 and 3 Q 0 potentials are expected to have a minimum for the same umbrella angle and for a slightly larger one by only 1°in the 1 Q 1 case. An alternative could have been to use potentials corresponding to relaxed geometries with respect to the umbrella angle instead of frozen angle potentials. These relaxed potentials would be similar to the present ones in the interaction where absorption takes place and would differ when the methyl-bromide distance becomes larger as the methyl fragment relaxes from pyramidal to planar geometry. However, this difference between frozen and relaxed potentials is less than 0.3 eV, and it can be considered as negligible with respect to the kinetic energy of the fragments ͑several eV͒. As a result, frozen and relaxed geometry potential absorption spectra are expected to be similar with respect to photon excitation energy, only the amount of kinetic energy released is slightly different.
The MOLPRO ͑Ref. 16͒ package has been used in the present study. Due to restriction to abelian point groups of this package, C s point group involving the irreducible representations AЈ and AЉ is used in the calculation, but results are classified according to the C 3v irreducible representations A 1 , A 2 , and E.
The ten core electrons of Br are described with relativistic effective core potential from the Stuttgart/Cologne group. 18 Various basis sets were tested to converge results with respect to the remaining 34 electrons. 18, 19 The first one consisted of an augmented correlation consistent triple zeta ͑AVTZ͒ basis with sp orbitals for C, s for H, and spd for Br. Then we enlarged this basis set by taking an AVQZ ͑qua-druple zeta͒ basis and polarization orbitals: spd for C, sp for H, and spdf for Br. A third basis included more polarization orbitals: spdf for C, spd for H, and sp fully contracted and df uncontracted for Br. An even larger basis ͑AV5Z with more polarization orbitals͒ was tested to check the convergence of the states. In particular, the dipolar transition moments needed for the dynamical calculations were found to be very sensitive to the quality of the basis. However, as this work is the first step in the generation of a multidimensional potential energy surface, we had to find a compromise between accuracy and computational time. Thus, we finally selected the AVQZ basis augmented by diffuse s and p orbitals ͑with 0.015 and 0.011 exponents, respectively͒ for C and Br TABLE I. Symmetries of the valence band states computed in the present study with or without spin-orbit interaction. States are classified according to the irreducible representations of the ͑exact͒ C 3v and ͑approximate͒ C ϱv symmetry groups. In the column "Without spin orbit," the irreducible representation label A 1 / A 2 / E or ⌺ / ⌸ refers to the symmetry property of the orbital part of the wave function, whereas in the column "With spin orbit," the labels A 1 / A 2 / E and ⍀ refer to the overall symmetry of the full spinorbital wave functions. The column "Label" is a mixture of Mulliken's notations for the spin-orbit states arising from the 3 E and 1 E with additional notations for the ones arising from 3 A 1 . The column "Transition" gives the nature of the electric dipole transition with the ground state. "No" means the transition dipole moment is zero, ʈ ͑parallel͒ means the perpendicular components of the electric dipole transition moment are zero. Ќ ͑perpendicular͒ means the transition dipole moment is perpendicular to the axis of the molecule. In the present paper, we use the notations 3 E, 1 E, and 3 A 1 for the states without spin orbit and the notation in the column "Label" for the states with spin orbit.
Without spin orbit
With spin orbit
because of the importance of Rydberg states in this system. To assess the accuracy of this extended AVQZ basis with respect to the AV5Z one, we checked that the relative error on the most sensitive quantity, namely, the transition dipole moment between the ground state and the 1 E one was small. For example, at 3.4 a.u. near the equilibrium distance of the ground state, the relative error between both sets of results was less than 1%. This allowed us to check that the fourth basis that the AVQZ basis with polarization and diffuse orbitals was sufficient and it was chosen to obtain potentials and dipole moments for the dynamical calculations presented here. A self-consistent-field ͑SCF͒ calculation is performed to provide the ground state of the system, which involves 12 molecular orbitals of AЈ symmetry and five AЉ. Static correlation is introduced in a state-averaged ͑two 1 AЈ, two 3 AЈ, one 1 AЉ, and one 3 AЉ states͒ CASSCF calculation. 20, 21 The active space consists of all the valence ͑occupied and virtual͒ orbitals, namely, 13 AЈ and five AЉ orbitals, while the other orbitals were kept closed. This is followed by a multireference configuration interaction 22, 23 and spin-orbit calculations. For the MRCI calculation, the reference space consisted of the active space of the CASSCF calculation with all the valence electrons correlated.
The electronic Hamiltonian matrix consists of a diagonal part, the electrostatic Hamiltonian energies, and a nondiagonal matrix, the spin-orbit Hamiltonian in the basis of the MRCI eigenfunctions. This Hamiltonian is obtained using the spin-orbit potential. 18 This matrix is extracted from MOL-PRO output and provides the electronic Hamiltonian representation in a diabatic basis, whereas diagonalization of this matrix provides an adiabatic basis. Transition moments, in the diabatic or adiabatic representations, can also be obtained. To get more accurate results, dipole moments were obtained without spin orbit at state specific multiconfiguration SCF level followed by multireference configuration interaction levels. Dipole moments with spin orbit are then obtained by transformation to the spin-orbit basis. The wave packet is propagated using the electronic diabatic representation and the time Chebychev propagator. 24 A Fourier grid representation of the Hamiltonian augmented by an optical potential is used. 25 Direct diagonalization of the Hamiltonian in this Fourier grid representation provides the vibrational state associated with the ground electronic potential and, once multiplied by the appropriate dipole transition moments, the initial wave packet on the coupled diabatic electronic potentials. Partial cross sections are obtained by half Fourier transforms of the wave packet at large distance 26 and provide branching ratios and anisotropy parameters.
III. RESULTS

A. Ab initio data
Let us first consider states without spin-orbit interaction. 27 and does not contribute to the valence band.
The spin-orbital symmetry of these states is obtained from combinations of orbital and spin symmetries. Triplet spin states can belong to the A 2 ͑for total spin projection M s =0͒ or E ͑M s = Ϯ 1͒ irreducible representations of the molecular symmetry group, whereas singlet spin states belong to A 1 irreducible representation. 28 As a result, the ground state has an overall spin-orbital symmetry A 1 , 1 E states have an E spin-orbital symmetry, 3 E states can be of A 1 , A 2 , and E spin-orbital symmetry for M s = Ϯ 1 ͑using E ϫ E = A 1 + A 2 + E͒, while 3 E states for M s = 0 have E symmetry. 3 A 2 states can have E and A 2 spin-orbital symmetries for M s = Ϯ 1 and 0, respectively.
Spin-orbit interaction couples these different spin-orbital states within each overall symmetry block and lifts their degeneracy, as indicated in Table I . States with A 1 and E symmetry have a nonzero, respectively, parallel and perpendicular transition moment with the ground state. The E͑⍀ =2͒ state has a nonexactly vanishing but almost zero transition dipole moment to the ground state and can be discarded in the following.
The present study involves dynamical calculations on the two A 1 and E spin-orbital symmetry blocks. The A 1 block involves only two states, the ground A 1 state coupled to the 3 E͑M s = Ϯ 1͒. Diagonalization of the total electronic Hamiltonian including spin orbit provides the ground A 1 ͑X ͒ and 3 Q 0 adiabatic states. The E block contains three states: 3 E͑M s =0͒, 1 E͑M s =0͒, and 3 A 1 . The fourth state of E symmetry arising from 3 E is not taken into account because it has an approximate total angular projection ⍀ = 2 different from the one of the three other states ͑⍀ =1͒, and is thus only weakly coupled to the others. Diagonalization of the total electronic Hamiltonian including spin orbit in the E block provides the 3 Q 1 , 1 Q 1 , and 4E adiabatic states. The energies of the valence states considered in the present study are shown in Fig. 1 as a function of the methylbromide distance when spin-orbit interaction is not included. As expected, excited states have increasingly high energy in the order 3 
The 1 E state has a sharply changing slope near 3.3 a.u. due to an avoided crossing with a Rydberg state of the same symmetry. Although the change in the slope is not so sharp for the 3 E state, a similar avoided crossing with a Rydberg state also takes place for this symmetry. A detailed study of the Rydberg states in this system is the subject of a forthcoming publication. 27 The spin-orbit coupling elements between these diabatic states are computed with MOLPRO ͑Ref. 16͒ and are shown in Fig. 2 . At large distance, these couplings become constant. These constant values can be obtained by elementary angular momentum coupling considerations from the spin-orbit splitting ␦ of the ground Br atomic state. In the A 1 symmetry block, we obtain the following spin-orbit matrix in the ͑ 1 A 1 , 3 E͒ basis:
͑1͒
Diagonalization of this matrix provides the ground A 1 ͑X ͒ correlated with Br͑ 2 P 3/2 ͒ and 3 Q 0 excited states correlated with Br ‫ء‬ ͑ 2 P 1/2 ͒. Similarly, for the E symmetry block, the spin-orbit matrix in the
.
͑2͒
Diagonalization provides two states correlated with Br͑ 2 P 3/2 ͒ ͑ 3 Q 1 and 1 Q 1 corresponding to the total angular momentum of the Br fragment m j = 1 2 and 3 2 ͒ and one state correlated with Br ‫ء‬ ͑ 2 P 1/2 ͒ ͑4E͒. Therefore, as they appear in Fig. 2 , at large 
B. Photodissociation dynamics
Parallel and perpendicular transitions from the ground state populate states of the A 1 and E symmetry blocks. Figure  3 shows the products of the ground vibrational state in the A 1 ͑X ͒ electronic states multiplied by the electric dipole transition moments between the ground and the different adiabatic electronic excited states. These products can be considered as the result of the photoexcitation process and the initial state for the subsequent wave packet dynamics on the electronic potential energy curves coupled by spin-orbit interaction. These products reflect the shapes of the ground vibrational state, a usual bell-shaped curve, and of the dipole transition moment. In particular, the transition moments between the ground state and the 3 Q 1 and 1 Q 1 states decrease sharply near 3.5 a.u. as distance increases due to a weakening of the valence-Rydberg mixing. 27 This induces secondary maxima for the 3 Q 1 and 1 Q 1 initial wave packets near 3.4 a.u., which is expected to reflect in secondary maxima in absorption cross sections at high energy ͑actually, these maxima occur near 7-7.5 eV but are rather weak, see Fig. 4͒ . These initial wave packets have the largest amplitude for the 1 Q 1 state, which is thus the largest contributor to absorption, whereas the 3 Q 0 state is second. Absorption to 3 Q 1 and 4E is comparably smaller.
These products once transformed to the diabatic basis form the initial condition for wave packet propagation. Parallel transition initially populates the 3 three 3 Q 1 , 1 Q 1 , and 4E states and again spin-orbit coupling potentially induces population transfers between these states in the subsequent dynamics. Figure 4 shows the total absorption cross section from experiment 6 and from the present calculation. Partial absorption cross sections for parallel and perpendicular transitions are also shown. The computed total absorption cross section is in very good agreement with the experimental one. Notice, however, that the computed results have been shifted by 0.07 eV to optimize agreement with measured cross sections. This shift accounts for small differences between zero-point energies of the vibrational modes not included in the model and associated with the ground and excited electronic states. All the computed data shown in this paper have been corrected by this same amount.
Perpendicular partial cross section is larger than the parallel one for almost all excitation energies except in the red wing of the absorption band where both processes have comparable amplitudes ͑Fig. 4͒. This is consistent with the amplitudes of the initial wave packet ͑Fig. 3͒ and with the reflection principle. 29 The strong perpendicular absorption is induced by the large transition moment to the 1 Q 1 state. The parallel absorption is significant in the red wing only because the 3 Q 0 potential is lower in energy than the 1 Q 1 one in the Franck-Condon region. Figure 5 shows the partial cross sections for forming Br and Br ‫ء‬ in different electronic states. In the model, Br is formed only from perpendicular excitations of the 3 Q 1 and 1 Q 1 states because relaxation to the ground state from parallel excitation to the 3 Q 0 state is negligible. Br ‫ء‬ can be formed from both parallel excitation to the 3 Q 0 state and perpendicular excitation to the 4E state. The first maximum for the 4E state near 6 eV is induced by absorption to the 1 Q 1 state followed by weak nonadiabatic transitions to 4E, whereas the second one near 7.5 eV corresponds to direct absorption of the 4E state. Spin-orbit coupling induces strong nonadiabatic transitions only between the pair of states 3 Q 1 and 1 Q 1 . This is illustrated in Fig. 6 , which shows the populations for each of the 3 Q 1 and 1 Q 1 states in the coherently populated wave packet as a function of the methyl-bromide distance. A time dependent distance is defined by averaging the methylbromide distance operator over the time dependent wave packet. Figure 6 is then obtained by substituting this distance to time in the functional dependence of the populations. In the Franck-Condon region, the system is mainly in the 1 Q 1 state, as expected from the initial wave packet ͑Fig. 3͒. However, large population transfers occur near 6 a.u. This corresponds to the point where the Massey parameter 30 is smallest. This parameter is defined by the ratio ⌬E / vP, where ⌬E is the energy gap between coupled states, v is the local speed of the system, and P is the electronic nonadiabatic coupling. A large Massey parameter corresponds to an adiabatic dynamics. Most of nonadiabatic transitions occur for a distance larger than the distance for the conical intersection between the 1 Q 1 and 3 Q 0 potentials. This intersection takes place at 4.66 a.u. for the present calculation, in excellent agreement with the value of 4.63 a.u. from Ref. 13 . This intersection is assumed to play a crucial role in photodissociation dynamics Figure 8 compares the Br populations in 3 Q 1 or 1 Q 1 for two kinds of excitations. One is the coherent excitation of all states accessible from a perpendicular transition. The other one is the incoherent independent initial excitation of each of the 3 Q 1 and 1 Q 1 states. In this case, we sum the final populations in each state over the two independent excitations. The difference between these two sets of excitations gives information on the interference effects between different excitations which occur for coherent excitation. These interferences induce an increase in the 1 Q 1 final population and a compensating decrease in the 3 Q 1 one, particularly in the red wing of the absorption band.
As can be seen from Fig. 9 , the branching ratio ͓Br ‫ء‬ ͔ / ͓͑Br ‫ء‬ ͔ + ͓Br͔͒ is close to 1/2 in the red wing of the absorption band. This reflects a balanced competition between parallel absorption to 3 Q 0 leading to Br ‫ء‬ and perpendicular one to 1 Q 1 leading to Br. As energy increases, the branching ratio decreases due to the dominance of the perpendicular absorption yielding Br. In the blue wing of the band, however, perpendicular absorption to the 4E state, although small, becomes dominant and the branching ratio is close to 1. The oscillations above 7 eV are induced by the secondary maxima of the 3 Q 1 and 1 Q 1 wave packets ͑Fig. 3͒ related to the increase in the transition dipole moments and valence-Rydberg interactions at a short distance.
The anisotropy parameters in Fig. 10 are obtained from the partial cross sections for forming X =Br or Br ‫ء‬ from parallel or perpendicular excitations by
Br is formed ͑almost͒ exclusively from perpendicular transitions to 3 sition to 3 Q 0 at low energy and from a perpendicular one to 4E at high energy so that there is a change from ␤ Br‫ء‬ =2 to ␤ Br‫ء‬ = −1 near 6.5 eV.
IV. DISCUSSION
The methyl-bromide system presents interesting qualitative similarities with the better known HBr system, see Refs. 32 and 33 and references therein. The labeling of the HBr is the one of the C ϱv symmetry group. The equivalent of the 3 Q 0 , 3 Q 1 , 1 Q 1 , and 4E states are a 3 ⌸ 0 , a 3 ⌸ 1 , A 1 ⌸ 1 , and t 3 ⌺ 1 , respectively. Potentials, spin-orbit couplings, and dipole moments are qualitatively similar to the results presented in Figs. 1-3 . There are two main differences, however, in the relative absorption strengths of the different states. One is the larger contribution of the t 3 ⌺ 1 state in HBr as compared to 4E in CH 3 Br. t 3 ⌺ 1 has a significant contribution to the absorption band even in the red and center parts of the absorption band of HBr, whereas 4E plays a nonnegligible role only in the blue wing of the CH 3 Br absorption band. As a result, the ͓Br ‫ء‬ ͔ / ͓͑Br ‫ء‬ ͔ + ͓Br͔͒ in the central part of the absorption band is larger in HBr than in CH 3 Br, where it is almost zero. Also, the Br ‫ء‬ anisotropy parameter decreases from 2 to Ϫ1 in the red wing of the absorption band for HBr in the blue wing for CH 3 Br. A second difference is the smaller contribution of the a 3 ⌸ 0 state to absorption in HBr, as compared to 3 Q 0 in CH 3 Br. Consequently, the branching ratio ͓Br ‫ء‬ ͔ / ͓͑Br ‫ء‬ ͔ + ͓Br͔͒ is smaller in the red wing of the HBr absorption band as compared to CH 3 Br, as the weaker 3 ⌸ 0 absorption is not completely compensated by the stronger t 3 ⌺ 1 one. One important common point between HBr and CH 3 Br is the similarity of the population transfer between the a 3 ⌸ 1 and A 1 ⌸ 1 states in HBr with the one between 3 Q 1 and 1 Q 1 in CH 3 Br. This population transfer has been experimentally observed in HBr on the alignment properties of the Br fragment. 32 Indeed, A 1 ⌸ 1 has the strongest absorption strength and is correlated asymptotically to Br m j = Ϯ However, Br fragment measured population is mainly in the state m j = Ϯ 1 2 . This shows that nonadiabatic transitions from A 1 ⌸ 1 to a 3 ⌸ 1 ͑which is correlated with m j = Ϯ 1 2 ͒ occur in the HBr system. It is likely that similar alignment effects induced by the strong population transfer between the 3 Q 1 and 1 Q 1 states should be experimentally observable in the present methyl-bromide system.
The main differences between the present system and CH 3 I result from weaker spin-orbit interaction in CH 3 Br. In methyl iodide, parallel absorption to the 3 Q 0 state is the dominant process.
3 Perpendicular absorption to 3 Q 1 and 1 Q 1 is significant only in the wings of the band. 4 As a result, the branching ratio ͓X ‫ء‬ ͔ / ͓͑X͔ + ͓X ‫ء‬ ͔͒ has a behavior opposite for X = I as compared to X = Br: it is maximum in the central part of the band and decreases in the wings. The anisotropy parameter corresponds to dominant parallel absorption for both I and I
‫ء‬ . This suggests that ground state iodine is formed mainly from excitation to 3 Q 0 , followed by nonadiabatic transitions to 1 Q 1 in the vicinity of the conical intersection between 1 Q 1 and 3 Q 0 , for distorted geometries away from equilateral C 3v . By contrast, in CH 3 Br, Br is formed predominantly by direct excitation and dissociation of the 1 Q 1 state ͑coupled to the 3 Q 1 one͒. The main CH 3 Br experimental data against which the present results can be discussed are the branching ratios and anisotropy parameters from Refs. 7-12. Such comparisons are shown in Figs. 9 and 10. There is some dispersion between the different sets of experimental results which reflects differences in the way data were obtained. Results were first obtained with a nonstate selective detection scheme with respect to the product quantum states. For instance, data from Refs. 7 and 9 are not selective with respect to the internal state of the methyl fragments. Br and Br ‫ء‬ contributions are obtained from time of flight spectra resulting from electron impact ionization 7 or from velocity imaging of methyl fragments produced by nonresonant multiphoton ionization. 9 On the other hand, a bromide resonant ionization, which is not selective for methyl, is used in Ref. 8 state selected anisotropy parameters were obtained from a velocity map imaging technique for state selected fragments detected by REMPI. Computed branching ratios are in excellent agreement, in particular, with the ones from Ref. 9 , but there are some differences between computed and experimental anisotropy parameters. The agreement on branching ratios is remarkable, as the computation was done without consideration of population transfers between the 3 Q 0 and 1 Q 1 states near the conical intersection. Indeed, the 3 Q 0 and 1 Q 1 states belong to the A 1 and E irreducible representations of the symmetry group C 3v and nonadiabatic couplings are exactly zero. This suggests that these electronic nonadiabatic transitions are not dominant in the present system. However, the differences between computations and experiments on anisotropy parameters suggest that the population transfers cannot be completely neglected. It is possible to refine the present model to estimate the contribution of the nonadiabatic effects by a mixed approach incorporating experimental data in the model to yield improved anisotropy parameters. We assume that nonadiabatic transitions can take place at the conical intersection so that parallel and perpendicular excitations each yield Br fragments in both spin-orbit states,
Br results from initial parallel excitation followed by a nonadiabatic process from the 3 Q 0 state to 1 Q 1 and 3 Q 1 , and we call P 01 this transition probability. This nonadiabatic process induces simultaneously a decrease in the Br ‫ء‬ population and we have
Similarly, Ќ Br‫ء‬ results from nonadiabatic transitions from 1 Q 1 and 3 Q 1 to 3 Q 0 and we call P 10 the corresponding probability. Ќ Br is also reduced and we have
The branching ratio is given by
Using Eq. ͑3͒, the anisotropy parameters for Br and Br ‫ء‬ formations are given by
We assume that ʈ and Ќ are known from the computation and the three quantities ͓Br ‫ء‬ ͔ / ͓͑Br͔ + ͓Br ‫ء‬ ͔͒, ␤ Br , and ␤ Br ‫ء‬ from the experiment. Then two of the three linear equations ͑7͒-͑9͒ are sufficient to obtain the two unknowns, P 01 and P 10 . We choose here Eqs. ͑7͒ and ͑9͒. From Fig. 9 , we see that the experimental branching ratio is very well approximated by the computed one, ʈ / ͑ ʈ + Ќ ͒. This means that the second term in the right hand side of Eq. ͑7͒ is negligible so that
The two nonadiabatic population transfers cancel each other. Notice that such a balance equation could not be obtained in a simple one dimensional Landau-Zener 34 model. Such a model would imply the reversibility relation P 01 = P 10 instead of Eq. ͑10͒. We checked that the reversibility equation provides too small transition probabilities and consequently too small improvements to the anisotropy parameter ␤ Br . Not satisfying the reversibility equation is possible in a multidimensional dynamics where the way the wave packet approaches the conical intersection is different from both potential energy surfaces.
With this balanced condition, Eqs. ͑8͒ and ͑9͒ simplify into ␤ Br = − 1 + 3P 10 , ͑11͒
used with the experimental anisotropy parameter ␤ Br ‫ء‬ provides P 01 , Eq. ͑10͒ then provides P 10 , and finally Eq. ͑11͒ provides an improved anisotropy parameter ␤ Br , which can be compared to the experimental one. Table II gives the experimental anisotropy parameter ͓␤ Br ͑expt͒, column 3͔ and the one resulting from the mixed model ͑last column͒. In some cases, the mixed model results are not available at exactly the same energies as the experimental ones, as the mixed model results are known only at the energies for which ␤ Br ‫ء‬ is available experimentally. When compared to the experimental results, this model provides by design a branching ratio in very good agreement and an anisotropy parameter ␤ Br ‫ء‬ in exact agreement. The improvement achieved by this mixed model on the anisotropy ␤ Br ͑as compared to the raw C 3v model which provides ␤ Br =−1͒ is shown in Table II , as well as the transition probabilities P 01 and P 10 . These probabilities are small ͑usually less that 0.1 except in the red wing͒, which give confidence in the fact that neglecting nonadiabatic transitions at conical intersection is a reasonable zero order approximation. The expected trend for the transition probabilities is a decrease as energy increases ͑full adiabaticity is obtained at low energy and corresponds to P 01 = P 10 = 1 for a system with a conical intersection͒. The transition probabilities in Table II show some fluctuations around this average trend, both for the results of the present mixed model and the ones from Refs. 9-12. Notice also that the different sets of results are not always fully consistent. For instance, the probabilities P 10 from Ref. 11 are very different, both from the experimental results from Ref. 12 and the results of the present model. Therefore, evaluation of these transition probabilities deserves more experimental and theoretical investigations.
Finally, it is interesting to note that in a recent ab initio study on CH 3 I, 4 photodissociation spectra and branching ratios in excellent agreement with experimental data were obtained although nonadiabatic processes were not included in the model. We reach a similar conclusion for the present system, but this is less unexpected here because experimental anisotropy parameters are more consistent with a photodissociation process with small nonadiabatic transitions at conical intersection.
V. CONCLUSIONS
We have performed a theoretical study of the photodissociation dynamics of CH 3 Br in the Ã band using a wave packet propagation technique on coupled ab initio potential energies. We have obtained total, partial cross sections, and branching ratios in good agreement with available experimental data. The dominant state for absorption is the 1 Q 1 one. There is, however, a significant nonadiabatic population transfer between the 1 Q 1 and 3 Q 1 states during photodissociation, which should have a measurable impact on the alignment properties of Br fragment similar to the one observed in the HBr system. The excited Br ‫ء‬ is formed predominantly from parallel excitation and direct dissociation of the 3 Q 0 state, whereas ground Br is formed predominantly from per-pendicular excitation to 1 Q 1 followed by dissociation involving the two coupled 3 Q 1 and 1 Q 1 states. Nonadiabatic population transfers between the 3 Q 0 and 1 Q 1 states near their conical intersection are small.
One important problem not discussed in the present study is the methyl product state distribution. There is convergent experimental evidence that the product internal state distributions are hot, the methyl fragments for Br being vibrationally hotter than the ones for Br ‫ء‬ . The internal energy should go preferentially to the umbrella mode of the methyl. [7] [8] [9] 12 There is also evidence for rotational excitation of methyl product, the distribution for Br being again hotter than for Br ‫ء‬ . 10, 11 Work is currently in progress to provide theoretical support to these experimental findings. TABLE II. ͑nanometers͒ and E ͑eV͒: excitation wavelength and energy. ␤ Br ͑expt.͒ and ␤ Br‫ء‬ ͑expt.͒: experimental anisotropy parameters at the given excitation energy. P 10 ͑expt.͒ and P 01 ͑expt.͒: transition probabilities from Refs. 9-12. ⌫ ͑calc.͒: ⌫ = ʈ / ͑ ʈ + Ќ ͒ from the present computation. P 01 ͑mix͒: transition probability from the mixed model involving the experimental ␤ Br‫ء‬ and Eq. ͑12͒. P 10 ͑mix͒: transition probability from P 01 ͑mix͒ and Eq. ͑10͒. ␤ Br ͑mix͒: anisotropy parameter obtained from P 10 
